The growing number of sequenced genomes enables the study of secondary metabolite 14 biosynthetic gene clusters (BGC) in phyla beyond well-studied soil bacteria. We mined 2627 15 enterobacterial genomes to detect 8604 BGCs, including nonribosomal peptide synthetases, 16 siderophores, polyketide-nonribosomal peptide hybrids, and 60 other BGC types, with an 17 average of around 3.3 BGCs per genome. These BGCs represented 212 distinct BGC families, of 18 which only 20 have associated products in the MIBiG standard database with functions such as 19 siderophores, antibiotics, and genotoxins. Pangenome analysis identified genes associated with a 20 specific BGC encoding for colon cancer-related colibactin. In one example, we associated genes 21 involved in the type VI secretion system with the presence of a colibactin BGC in Escherichia. 22
likelihood algorithm (RAxML) 18 , displayed evolutionary relation of BGCs across enterobacteria 64 ( Fig. 1 ). Most genomes possessed at least one NRPS BGC encoding siderophore (enterobactin or 65 a similar derivative) and one uncharacterized thiopeptide BGC that could be associated with the 66 YcaO superfamily of proteins involved in post-translational modifications of ribosomal protein 67 S12 in E. coli 19 . Enterobacterial genomes are observed to have higher diversity in NRPS type 68
BGCs especially in Photorhabdus (avg. 8.4 BGCs), Xenorhabdus (avg. 6.6 BGCs) and Serratia 69 (avg. 4 BGCs) (Fig. S3 ). The enterobacteria thus contain a greater richness of BGCs than 70 previously realized. 71
Second, we asked how many of the detected BGCs are distinct and how many of them have been 72 assigned to well-characterized secondary metabolites. We used the BiG-SCAPE pipeline 20 to 73 compare sequences of 8604 detected BGCs and 1795 known BGCs from the MIBIG database 21 . 74 BiG-SCAPE uses a weighted combination of domain sequence similarity, Jaccard index, and 75 adjacency index to define a raw distance metric to generate a sequence similarity network. The 76 sequence similarity network suggested 212 distinct families among enterobacterial BGCs (Fig. 2) , 77 with 294 BGCs being singletons (Data S3) . Surprisingly, only 20 families were associated with 78 previously characterized BGCs from the MIBIG database, whereas the remaining 192 families 79 might encode for novel secondary metabolites (Fig. S4 ). It is important to note that many of the 80 well-studied secondary metabolites from Photorhabdus and Xenorhabdus 9,10 and their associated 81
BGCs are not incorporated in the MIBIG database, thus limiting our prediction capabilities. 82 Adjacency matrices calculated for three of the large families reveal intra-family diversity among 83 BGCs ( Fig. S6-S8 ). It is known that different enterobacteria produce a variety of siderophores 84 derived from enterobactin, such as salmochelin that act as a bacterial evasion mechanism against 85 the mammalian protein siderocalin in Salmonella strains and some uropathogenic E. coli 22 
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B. Distribution of presence of BGCs of various types across 50 selected genomes from 21 diverse genera of 95 enterobacteria. The phylogenetic tree was generated based on all shared proteins and using maximum likelihood 96 algorithm (RAxML) with out-group of 5 genomes from neighboring clades of Gammaproteobacteria (Table S2 ).
97
The leaves of the tree are colored based on different genera of enterobacteria. Bar chart with the number of BGCs 98 per genome, PATRIC genome accessions and organism names are also mentioned. 99 100
Fig. 2. Global network view of BGCs across Enterobacteria

101
Sequence similarity network of 8604 BGCs with 1795 known BGCs from the MIBIG database reveals 212 distinct 102 families or disconnected components of the network. The largest seven families have large, highly connected 103 networks ( Fig. S5 ) and are represented by pie-charts in A-G. The number of nodes, number of edges, and any known 104 MIBIG BGCs are mentioned in the pie-chart. Different colors and numbers on the perimeter denote different genera 105 and the number of BGCs per genera from that family. For the remaining smaller families, we used Cytoscape to 106 visualize the networks which are grouped according to the class of BGCs in 1-13. Each node represents a 107 biosynthetic gene cluster, where the color of the inner circle denotes the class of the BGC and the color of the outer 108 circle denotes different genera. Edges between two BGCs denote the similarity metric detected using the BiG-109 SCAPE pipeline. Known BGCs from MIBIG are larger diamond-shaped nodes with known BGCs as labels.
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Third, we further examined the genetic structure variations of a particular BGC encoding for colon 111 cancer-related colibactin across diverse genera. The third-largest family of PKS-NRPS BGCs had 112 503 clusters, where 67 and 181 BGCs are directly similar to colibactin and yersiniabactin 113 respectively and the remaining 255 BGCs were distantly similar (not immediate neighbors in the 114 network) ( Fig. 3) . Yersiniabactin is observed to be present whenever colibactin is present across 115 genera as also seen earlier 23 . Yersiniabactin and colibactin clusters are located close to each other 116 in most cases, with the exception of some Citrobacter sp. (Fig. 3 ). The phylogenetic relationship 117 between all of 67 colibactin clusters is further calculated and visualized using CORASON 118 software, which is an integrated part of the BiG-SCAPE pipeline 20 (Fig. S9 , Data S4). The genus 119 dependent variations in the genetic structure of colibactin BGCs arise mainly due to differences in 120 the intermediate region of colibactin and yersiniabactin core clusters (Fig. 3 ). Further analysis of 121 the intermediate region between the two core clusters suggested the presence of genes encoding 122 enzymes involved in the Type IV secretion system (T4SS) called VirB in Klebsiella sp., 123
Enterobacter sp. and Citrobacter sp. 24 . Interestingly, no such genes related to secretion systems 124 were observed in the intermediate region for Escherichia sp. Neighbouring location of T4SS to 125 colibactin biosynthetic genes in some species hints towards a possible association of this secretion 126 system with an export mechanism of colibactin, which still remains elusive 25 . 127
Fourth, we asked if the comparison of as many as 782 genomes of Escherichia sp. from the dataset 128 can guide us to detect specific genetic and functional associations with the presence of colibactin. 129
Here, we investigated Escherichia genomes possessing colibactin using pangenome reconstruction 130 and genome-wide association techniques 5, 26, 27 . For 36 colibactin-containing Escherichia 131 genomes, a total of 14,017 different genes were detected in the pan-genome (total genes found 132 across genomes), which was reconstructed using Roary 28 (Table S3 , Data S5). The core-genome 133 (genes shared among genomes) was composed of 2946 genes. Conversely, 4407 genes were 134 uniquely present in only one of the genomes (Fig. 4) . We compared sequences of 2937 genes 135 (remaining 9 were tRNA genes) from the reconstructed core-genome against all 782 Escherichia 136 genomes present in the dataset using bidirectional best blastp hits ( Fig. 4 , Data S6). Examining the 137 gene presence/absence heatmap (Fig. 4 ) revealed a set of 110 genes that are present in all colibactin 138 containing genomes and are absent in more than 90% of the genomes missing both colibactin and 139 yersiniabactin (Table S4 ). This set of colibactin associated genes are spread across the genome 140 describing various biological functions including secondary metabolism, secretion system, amino 141 acid metabolism, fimbrial usher chaperone pathways, regulation among others. Thus, the growing 142 availability of complete gene sequences enables us to define a gene set that is associated with a 143 particular BGC. 144 
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Finally, we investigated some of the genes that were observed to be highly conserved across 152 colibactin-containing genomes. In total, 94 of the 110 genes were observed located in 18 different 153 genomic regions, and 14 genes were located alone throughout the genome (Table S4 ). The largest 154 continuous region of in associated gene sets encoded for colibactin (15 genes) and yersiniabactin 155 (12 genes) biosynthesis. Most interestingly, one region of 11 genes encoded for the assembly of 156 Type VI Secretion System (T6SS), whereas genes encoding similar T4SS were shown to be present 157 in the neighborhood of clusters in other genera than Escherichia (Fig. 3 ). Both T4SS and T6SS 158 contain periplasm-spanning channels and secrete proteins from the cytoplasm outside the cell and 159 across an additional host cell membrane, delivering secreted substrates directly to the cytosol of a 160 target cell 29 . Thus these secretion systems provide an efficient way to inject substrates in a contact-161 dependent manner, which is required for genotoxic effects of colibactin as discovered earlier 30,31 . 162 Some of the associated genes are also conserved in part of the Yersiniabactin possessing genomes 163 (variable from 0 to 57%) revealing the importance of the associated functions during evolution for 164 PKS-NRPS clusters in Escherichia (Table S4 ). The identified set of associated genes suggests 165 functions with putative roles in the overall function of a BGC. 166
As the number of genomes being sequenced is growing rapidly, the genome mining approaches 167 can give new insights in predicting enterobacterial strains with the potential to produce novel 168 compounds as well as identify novel phylogenetically associated functions with these compounds. 169
Given that enterobacteria are studied extensively and the role of secondary metabolites in human 170 physiology, it is surprising that most of the families of BGCs detected here have not yet been 171 functionally studied. This finding motivates a strong need to further investigate enterobacterial 172 Collection and quality assessment of enterobacterial genomes 194 We collected 2139 genome entries from PATRIC database 17 of Enterobacteriales which are 195 annotated as 'complete'. The quality of genome assembly is important for better prediction of 196 genome mining as well as for the pangenome analysis. To curate the data, we manually removed 197 12 genome entries due to irregular genome size, a high number of contigs, or low N50 score (Fig. 198 S1, Data S1). The distribution of genome size against GC content showed that there are very few 199 genomes that are outliers when compared to the average genome size of a particular genus ( Fig.  200 S1). Genomes from other genera including endosymbiont genera such as Buchnera, which have 201 relatively lower genome sizes, are not removed from the analysis. We note that 1135 genomes had 202 a single contig and 1424 genomes had N50 score higher than 90% of the genome size suggesting 203 the high quality of assemblies. To understand the redundancy in the genomic datasets, we note that 204 37 organisms had more than one genome sequences in the dataset (Data S1). For example, well 205 studies strain E. coli str. K-12 substr. MG1655 has 11 genome sequences in the dataset. As the 206 number of such redundant genomes is relatively less, we considered all these genomes in our final 207 dataset. Thus, the final dataset contained 2127 genomes spread across 51 different genera with the 208 majority belonging to Escherichia, Salmonella, and Klebsiella (Data S1). 209
Genome mining of secondary metabolites BGCs across enterobacteria 210
The antiSMASH v4 1 was used for genome mining of secondary metabolite BGCs in 2627 211 enterobacterial genomes. We used '.gff' files downloaded from the PATRIC database for gene 212 annotations with the antiSMASH run. As all subsequent steps require complete BGCs, we filtered 213 out 99 BGCs that are detected on the contig edges (Data S2). The final data set contains 8604 214
BGCs detected across genomes of enterobacteria (Data S2). For genus-specific analysis and 215 visualization, we considered the top 15 genera with the highest total number of clusters per genus. 216
The remaining 36 genera are all classified as 'Other'. Similarly, we considered the top 15 most 217 occurring types of the BGCs as defined in antiSMASH output and classify the remaining 48 BGC 218 types as 'Other' (Table S1 ). The distribution of the average number of BGCs of each type across 219 genera is visualized in the heatmap (Fig. S3 ). 220
Phylogenetic tree of selected enterobacterial genomes with different BGC distributions 221
A set of 50 genomes was selected from various genera with different distributions of BGC types 222 as detected through genome mining (Table S2 ). A phylogenetic tree was constructed with PATRIC 223 17 services for tree building based on all shared proteins and using maximum likelihood algorithm 224
(RAxML) 18 . The out-group set used for the tree construction involved five genomes of 225 neighboring clades in Gammaproteobacteria from the PATRIC database, which are 1) 226
Mannheimia succiniciproducens MBEL55E; 2) Pasteurella multocida subsp. multocida str. Pm70; 227
3) Photobacterium profundum SS9; 4) Vibrio fischeri ES114; and 5) Vibrio cholerae O1 biovar El 228
Tor str. N16961. The phylogenetic tree was visualized using iTOL v4(Interactive Tree of Life) 32 , 229
with additional panels representing a bar chart of total BGC distribution and heatmap of BGC type 230 distribution across all genomes (Fig 1) . 231
Sequence-based similarity network of BGCs detected in Enterobacteria 232
BiG-SCAPE 20 software was used to generate a sequence-based similarity network of 8604 233 detected clusters. Here, '--mibig' parameter was used for comparison against 1795 known BGCs 234 from the MIBIG database 21 . For the similarity index between any two clusters, we used raw_index 235 metric from BiG-SCAPE output. We tried 3 different cutoffs of 0.3, 0.5, 0.7 on raw_index to define 236 the similarity network. As the sequences of many BGCs are very similar to each other, we used a 237 cutoff of 0.3 for the final network (Data S3). The comparison was carried out separately for the 238 major classes of BGCs by using the parameter --hybrids-off. 239
Detecting families of BGCs from sequence-based similarity network 240
The distinct connected components, based on a cutoff of 0.3 on raw_index, are denoted as distinct 241 families of BGCs. Using the similarity network, 212 completely distinct families were detected. 242
The distribution of BGC families across genomes of different genera is represented by a heatmap 243 ( Fig. S4 ). As some of the BGC families are highly frequent than others in enterobacteria, the top 244 7 largest families are visualized using pie-charts (Fig. 2) . The networks for remaining smaller 245 families are visualized using Cytoscape 33 and are categorized based on BGC classes (Fig. 2) . For 246 the top 7 largest families, the network visualization using Cytoscape can be found in Fig. S5 . 247
Further, we analyzed the top 3 families by calculating the adjacency matrix of the network to 248 understand the intra-family diversity in BGC contents ( Fig. S6-S8 
Characterization of colibactin associated gene sets for Escherichia 259
We selected 36 genomes of Escherichia sp. possessing the colibactin gene cluster for pangenome 260 analysis. Pangenome reconstruction was carried out using Roary software 28 (Fig. 4 , Data S5). We 261 selected genes from the core genome that are commonly present across 36 colibactin cluster-262 possessing genomes for further investigation. To analyze the specific functions associated with 263 colibactin BGC, we compared the 2937 genes coding for proteins from the core genome against 264 all of the 782 genomes using bi-direction best hits using diamond (Data S6). The gene presence-265 absence heatmap was generated with genes with greater than 80% identity defined to be similar 266 (Fig. 4 ). The set of 110 genes that are present across all of colibactin containing genomes and 267 missing in more than 90% of no pks containing genomes are further investigated for their putative 268 role in the function of colibactin BGC (Fig. 4 , Table S4 ). The set of associated genes that appear 269 next to each other in the genome is defined as a genomic region. Tables S1 to S4 387
Captions for Data S1 to S6 388 389
Other supplementary data for this manuscript include the following tables: 390 Data S1 to S6 391 392 393 394
Fig. S1: Schematic representation of the genome mining and pangenome analysis workflow 395
Large set of genomes were mined for BGCs encoding for secondary metabolite biosynthesis using 396 antiSMASH 1,2 . The diversity of detected clusters and identification of known BGCs was examined 397
using BiG-SCAPE 20,21 and MIBIG database 21 . Further, pangenome analysis was carried out for 398 a set of genomes with having same BGC. The core-genome of genomes with particular BGC was 399 compared against other genomes missing that BGC to identify a set of genes that might have a 400 functional association with the presence of BGC. 401 402 403
Fig. S2. Genome quality assessment and curation of the input dataset 404
A. Distribution of the number of records per genome suggesting high-quality assemblies. Here, 405 two genomes from the initial set of 2639 are removed due to the higher number of contigs. B. 406
Scatter plot showing the distribution of genome length and GC content of 2637. The size of the 407 circles represents the number of genomes, colors denote major genera. Associated histograms 408 represent the distribution of BGCs in genomes (right) and lengths of genomes (bottom). 409
Highlighted 4 genomes of Escherichia, 2 genomes of Serratia, 1 genome of Shigella and 1 genome 410
of Cronobacter are removed from the dataset due to their atypical genome size. C. N50 score 411 analysis showed that the genome assemblies are of high quality. N50 genome length and maximum 412 contig length divided by total length are plotted for the remaining 2629 genomes. Two genomes 413 with low N50 scores are removed to get a final dataset of 2627 genomes for further analysis. The edges represent the similarity between the BGCs calculated using BiG-SCAPE. For family 2, 432 enterobactin was manually assigned to BGCs from E. coli K-12 MG1655 strain because no similar 433 BGC was detected in MIBIG standard database. We observe that the MIBIG database does not 434
have an entry for a well-known enterobactin BGC from E. coli. analysis. The phylogenetic tree was generated using CORASON software that is part of 462
BiGSCAPE. The three subfamilies are detected using BiG-SCAPE (Data S4). 463 Top 15 most occurring BGC types are BGC types are considered for the visualization in Fig. 1.  466 apart from top 15 (highlighted with bold font) are considered as 'Other'. 467 *Please note here 'other' represents a BGC type (not to be confused with 'Other' types defined for 468 Fig. 1 ) that is not assigned to well-known BGCs as per antiSMASH BGC detection logic. 469 Regions are defined if two or more neighbouring genes are present in associated gene sets. #clb 484 represents the portion of colibactin possessing genomes with presence of a particular gene, which 485 is 1 for all genes. #no_pks represent portion of genomes with corresponding gene, which is less 486 than 0.1 here. Additionally, corresponding gene accession IDs for well-characterized strain E. coli 487 CFT073 are listed. The background for important gene regions included in Fig. 4 
